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• The simulation model DEMETER was used here to investigate which mechanisms
led to a larger CO2 effect on biomass production and yield of a spring wheat crop
under drought compared with unlimited water supply.
• Field data of the free-air CO2 enrichment (FACE) wheat experiments in Arizona
(1993–94) were used to test the model. The influence of a particular mechanism leading to a higher CO2 effect under drought was investigated by eliminating the influence
of the other causes on the simulation results on selected days during the growing seasons.
• A larger CO2 effect under drought was caused in the model by the lower potential
transpiration rate, higher root biomass and the nonlinear functional dependence of
net assimilation rate on leaf internal CO2 concentration. The contribution of the
different mechanisms changed in significance during the growing season depending on
the degree of soil water limitation. The model successfully described the qualitative
and quantitative behaviour of the crop under elevated CO2.
• A well-tested simulation model can be a useful tool in understanding the complex
interactions underlying observed ecosystem responses to stress under elevated CO2.
Key words: elevated CO2, spring wheat, simulation model, soil water limitation,
CO2 effect.
© New Phytologist (2001) 150 : 315–335

Introduction
Numerous experimental studies have been conducted to
investigate the effect of elevated atmospheric CO2 concentrations
on economically important agricultural crops. The results for
grain crops with the C3 photosynthesis mechanism revealed
an average increase in growth and yield of about 30% for a
doubling of the recent atmospheric CO2 concentration (reviews
in Kimball & Idso, 1983; Kimball, 1983; Cure & Acock, 1986;
Kimball et al., 1995; Pinter et al., 1996). For crops grown under
field conditions, the positive impact of elevated atmospheric
CO2 concentrations on productivity was found to be significantly stronger under soil water limitation than under potential
growth conditions, as reported in Kimball et al. (1994) for
cotton, Pinter et al. (1996) for wheat, De Luis et al. (1999) for
alfalfa and also for temperate pasture species (Clark et al., 1999).
A series of mechanisms moderating the effect of drought on

© New Phytologist (2001) 150: 315 – 335 www.newphytologist.com

plant productivity under elevated atmospheric CO2 concentrations is conceivable (Amthor, 1999; Hsiao & Jackson, 1999):
(1) The rate of potential transpiration (i.e. transpiration under
unlimited soil water supply) on a leaf area basis is lower under
elevated atmospheric CO2 concentrations due to CO2-induced
stomatal closure (Morison, 1998). Depending on the biomass
increase, the potential transpiration at the canopy level might
also be lower under elevated CO2. Under these circumstances,
the degree to which the potential assimilation rate is fulfilled
under water limitation is higher under elevated than under
ambient CO2 concentrations. Furthermore, soil water depletion
in the root zone might occur at a slower rate than for plants
growing under ambient CO2 concentrations; (2) In the long
term it is possible that the higher root biomass leads to higher
water availability for the crop grown under elevated CO2;
(3) We suggest that elevated CO2 weakens ‘stomatal’ effects
of water limitation on leaf net assimilation rate (An ) that is the
315
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reduction of the leaf internal CO2 concentration (ci ) under
short-term drought by stomatal closure and a preference of
oxygenation relative to carboxylation ( Daley et al., 1989; Stitt,
1991; Therashima, 1992; Cornic, 1994). The higher slope of
the An-ci curve for lower CO2 concentrations leads to a stronger
reduction of An under ambient than under elevated CO2.
Mechanisms (1) and (2) improve the plant water status
leading to a higher leaf water potential (Ψl ) under elevated
CO2 and therefore higher rates of leaf extension and leaf
growth ( Huber et al., 1984; Allen et al., 1994; Grant et al.,
1999). ‘Nonstomatal’ effects of drought on photosynthesis
might be reduced under elevated CO2 by alleviating the
reduction in ci. A decrease in ci due to drought-induced
stomatal closure is assumed to initiate ‘nonstomatal’ effects
on photosynthesis ( Hsiao and Jackson, 1999). Other possible
interactions between drought and elevated CO2 resulting
from an improved water status are related to changes in
canopy temperature, respiration and senescence rate.
A comprehensive data set is available from the free-air
carbon dioxide enrichment ( FACE) wheat experiments in
Arizona (1993–1994), where spring wheat was grown under
CO2 mole fractions of 360 µmol mol–1 and 550 µmol mol–1
and subjected to two water treatments, sufficient and limited
water supply. The results have been published (Kimball et al.,
1995; Pinter et al., 1996; Wechsung et al., 1999). These show
that the average CO2 effect of the two experiments (expressed
as the percent change of the value obtained at ambient atmospheric CO2 concentration) on mid-season canopy assimilation
rate, aboveground green biomass and yield was higher under
soil water limitation than under potential growth conditions
by 25%, 4% and 12%, respectively. The CO2 effect on water
use efficiency, based on the ratio of grain yield to the seasonal
sum of the crop water use, was 7% higher under soil water
limitation ( Hunsaker et al., 1996).
The objective of this paper is to investigate how different
mechanisms contributed to the higher CO2 effect, under soil
water limitation, for this spring wheat crop, using the wheat
growth model DEMETER ( Kartschall et al., 1996). First,
numerical results for primary production, yield and water use
were compared with the field data to test the capacity of the
model to describe the higher impact of the elevated CO2
concentration under limited compared with unlimited soil
water supply. The influence of a particular mechanism leading
to this result was then investigated by eliminating the influence
of other causes and analysing to what degree this changed the
simulation results on selected days during the growing seasons.
DEMETER contains a model integrating energy balance,
photosynthesis and stomatal conductance ( gs ) (Grossman-Clarke
et al., 1999), which allows it to simulate the reduced potential
transpiration under elevated CO2 and ‘stomatal’ effects of
soil water depletion on photosynthesis due to changes in ci.
However, the leaf water potential was not explicitly described
in DEMETER, which is based on results of Tardieu &
Simonneau (1998) who showed that stomatal conductance of

anisohydric plants (plants with changing leaf water potential
during a day) is independent of leaf water potential, but
controlled by soil water limitation effects on the concentration
of ABA in the xylem. Other studies also support the hypothesis
that the effect of soil water limitation on stomata is mediated
by chemical signals and not by plant water status (Schulze
et al., 1987; Davies & Zhang, 1991; Hartung & Slovik, 1991;
Gollan et al., 1992; Daeter & Hartung, 1995).
For describing the influence of the plant water status on
growth and other physiological processes the crop water stress
index Is = (1 – Ec /Ep ), with Ec being canopy transpiration and
Ep potential transpiration (Jackson et al., 1981) was used. It
was shown in different studies that Is is strongly correlated with
plant water potential (Ehrler et al., 1978; Idso et al., 1981;
Pinter & Reginato, 1982). Long-term effects on root growth
and the influence on the water availability of the crop under
elevated CO2 are simulated in DEMETER.
Simulation studies concerning the effect of elevated CO2
on growth and water use of a spring wheat crop under soil
water limitation were carried out by Tubiello et al. (1999)
and Grant et al. (1999) using the CERES and ecosys models,
respectively. Grant et al. (1999) assumed that the higher impact
of elevated CO2 under soil water limitation was a result of the
higher leaf water potential under elevated CO2. In ecosys this
is assumed to cause a smaller reduction of stomatal conductance
when leaf water potential is lowered by soil water depletion,
leading to a greater rise in leaf net assimilation rate due to
elevated CO2 compared with the condition of unlimited soil
water supply.

Materials and Methods
Field experiment
The FACE wheat experiment was conducted on a field at the
Maricopa Agricultural Center of the University of Arizona, c.
50 km south of Phoenix in the midst of an extensive agricultural
region (33.07° N latitude, 111.98° W longitude, 358-m altitude),
to investigate the effects of elevated atmospheric CO2 on field
grown wheat (Kimball et al., 1995; Hunsaker et al., 1996;
Pinter et al., 1996). Spring wheat (Triticum aestivum L. cv.
Yecora Rojo) was sown in December (1992 and 1993) and
harvested in late May 1993 and June in 1994. FACE apparatus
was used to enrich the air to about 550 µmol mol–1 in four
25 m diameter circular plots. Four replicate control rings at
ambient CO2 were also installed.
In the FACE plots, CO2 enrichment began shortly after
emergence, continuing until shortly before harvest and was in
operation 24 h a day except for the last 2 wk of January 1993,
when heavy rains prevented regular CO2 delivery and enrichment was shortened to daylight hours to conserve supplies.
During the experiment, it was possible to control CO2 mole
fraction in the FACE arrays to 550 µmol mol−1 ± 20%
(Hendrey et al., 1993).

www.newphytologist.com © New Phytologist (2001) 150: 315 – 335
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Half of each plot was subjected to a drought treatment
( DRY treatment). Plants grown with adequate water ( WET
treatment) were irrigated when the available water in the root
zone was depleted to 70%. In 1993 plants grown under the
DRY treatment were irrigated on the same day as those in the
WET treatment, but received only 50% of the amount of
water. During 1994, plants in the DRY treatment received the
same amount as the plants in the WET treatment, but only
on every other irrigation. The cumulative irrigation total
between crop emergence and harvest was 603 mm for the
WET treatment and 275 mm for the DRY treatment in 1993
and 599 mm and 257 mm in 1994, respectively. Cumulative
rainfall during the same periods was 84 mm in 1993 and
65 mm in 1994. Irrigation water and fertilizer were delivered
through a subsurface drip system. The wheat crop received
277 kg N ha−1 in 1993 and 261 kg N ha−1 in 1994.
Micrometeorological variables were recorded every minute
using a data logging system (Campbell Scientific, Logan, UT,
USA; Model CR7X). Diurnal changes in the sum of canopy
transpiration and soil evaporation were determined as a
residual in the energy balance ( Kimball et al., 1994), that is as
the difference between net radiation of the canopy, soil heat
flux and sensible heat flux. Net radiation was measured with
duplicate net radiometers ( Radiation Energy Balance System,
Seattle, WA, USA; Model Q6) and soil heat flux was determined by soil heat flux plates ( Radiation Energy Balance
System; Model HFT-3). Sensible heat flux was determined
by measuring the temperature difference between the crop
surface and the air and then dividing the temperature difference
by an aerodynamic resistance calculated from a measurement
of wind speed ( R. M. Young Co., Traverse City, MI, USA
Model 12170C 3-cup anemometer with photochopper) at
the 2-m height at one position in the field. The air temperature
was measured at 2 m in each plot with an aspirated psychrometer. Crop surface temperature was measured with duplicate
infrared thermometers ( Everest Interscience, Fullerton, CA,
USA; IRT Model 4000AL, 15° field of view) mounted above
each plot to view the canopy toward the north at an angle of
20° below horizontal.
The daily and seasonal sums of canopy transpiration and
soil evaporation were determined by measuring the change
in soil water content over a period of time and calculating
the soil water balance for those periods between soil water
measurements where rainfall was small (less than 10 mm),
irrigation water was not applied and where deep percolation
could be reasonably assumed negligible, that is waiting at least
2 d after irrigation or heavy rainfall before taking the water
content measurements. Volumetric soil water contents were
measured in each plot using Time-Domain Reflectometry
( TDR) and neutron scattering equipment. A 2-m-long
neutron probe access tube was installed vertically in the plant
row, 0.9 m from the TDR probe, and with the same placement
as the TDR probe relative to the drip emitters. A neutron
moisture gauge, calibrated at the field site, was used to measure

© New Phytologist (2001) 150: 315 – 335 www.newphytologist.com

volumetric soil water contents in 0.2-m intervals from 0.4 to
2.0 m. Water contents were measured about once every week
from crop emergence through the first regular irrigation. After
that, water contents were measured every 2 to 5 d depending
on the frequency of irrigation.
Wheat plants were sampled at 7- to 10-d intervals during
the two growing seasons. A minimum of six plants was
obtained from four sampling zones in each subplot (24 plants
total). Plant phenology, green biomass and green leaf area
were determined from a subsample of 12 median-sized plants
per plot. Dried biomass was determined for crown, stem, green
leaf, nongreen leaf, and head components of all 24 plants after
oven-drying at 65–70°C. Leaf area index was computed from
the leaf mass per unit, green leaf area, green leaf biomass of all
plants and plant density. Beginning 1 wk after anthesis, developing grains were separated from the chaff by a combination of
hand and machine threshing of the heads and oven-dried for
a total of 14 d at 65–70°C. Final grain yields were determined
by machine harvest of c. 20 m2 of each subplot.
Model description
The wheat model DEMETER includes submodels for the
simulation of plant and root growth, soil carbon, nitrogen
and temperature dynamics (Kartschall et al., 1989), soil water
dynamics and the integrated calculation of assimilation rate
and energy fluxes between the plant canopy and the atmosphere
(Grossman-Clarke et al., 1999). The overall simulation time
step is one hour. The sources for mathematical descriptions of
essential growth processes and their parameterization for spring
wheat follow: van Keulen & Seligman (1987): phenology;
allocation pattern for assimilates and nitrogen to leaves, stems,
roots and ears. Penning de Vries & van Laar (1982): growth
respiration and biomass growth. Penning de Vries et al. (1989):
maintenance respiration. Goudriaan & van Laar (1994): radiation
balance for direct and diffuse radiation at different levels inside
the canopy. Asseng (1989): root growth. Groot (1987): Water
and nitrogen uptake from the soil. Kartschall et al. (1996):
senescence rate and grain filling.
The volumetric soil water content depending on time and
soil depth is determined by means of the numerical solution
of the Richards’ equation with an explicit finite elements
method. Soil hydraulic conductivity and water diffusivity
are calculated from the measured soil water retention curves
of the soil layers using hydraulic functions (Mualem, 1976,
van Genuchten et al., 1992).
Only photosynthesis and stomatal conductance are directly
dependent on CO2 concentration. All other CO2 responses of
the crop follow from their functional dependence on these processes in the model. This is a simplification, since some variables
such as the leaf area per unit leaf mass or the pattern for the
distribution of assimilates to the different organs might change
under elevated CO2. Further experiments are necessary to clarify
such questions and allow them to be quantified in models.

317
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The main influence of soil water limitation on the productivity of the crop and the interaction of water limitation with
the atmospheric CO2 concentration is mediated by the
canopy assimilation rate in the model. The model part for the
integrated calculation of canopy assimilation rate and energy
fluxes is therefore described in more detail than the other
processes, for which we refer to the literature.

(cs , the CO2 concentration on the leaf surface; and Γ, CO2
compensation point.) This approach accounts for the effects
of cuticular conductance, day respiration, CO2 concentration
and the vapor pressure deficit of the air on the ratio of ci to cs
(Eqns A25–A29).

Energy fluxes, stomatal conductance and net assimilation rate
A ‘big leaf ’ model (Shuttleworth, 1991) is used to calculate
canopy temperature (Tc ), water and energy fluxes between the
canopy and the atmosphere. The assumption is made that the
whole canopy is exposed to the same microclimate. Therefore,
calculated CO2 concentration, air temperature and water vapor
pressure are taken as being constant throughout the canopy
(Eqns A1–A8; all cited equations are given in the Appendix 1).
The stability correction of the aerodynamic resistance is
calculated according to Choudhury et al. (1986) for stable
conditions and Mahrt & Ek (1984) for unstable conditions
(Eqns A9–A11). Atmospheric emissivity (εa ) which is necessary
to calculate the long-wave radiation balance of the crop was
determined according to Idso & Jackson (1969).
The light intensity profile is assumed to be the main cause
of vertical variations of the assimilation rate and stomatal
conductance inside the canopy ( Raupach & Finnigan, 1988).
In contrast to the calculation of the water and energy fluxes,
leaf net assimilation rate and stomatal conductance are calculated for different layers inside the canopy contributing to the
canopy net assimilation rate and canopy conductance (Eqns
A12–A13). The thickness of the canopy layers is less than or
equal to half a leaf layer to achieve sufficient accuracy in
simulating canopy transpiration (Stockle, 1991). The model
of Farquhar & von Caemmerer (1982) is used to calculate the
assimilation rates for the sunlit and shaded leaf fractions of
each layer as a function of the incoming photosynthetically
active radiation, the CO2 concentration in the chloroplasts
(cc ) and canopy temperature (Tc ) (Eqns A14–A22). Activation
energies to describe the temperature response of the kinetic
constants of Rubisco are taken from Long (1991). The values
of the Michaelis–Menten constants for O2 and CO2 at reference temperature were obtained from data of von Caemmerer
et al. (1994), who consider an internal leaf resistance (Eqn
A20). This was necessary since the assimilation rates were
determined by means of the CO2 concentration in the chloroplasts (cc ). The temperature dependence of the potential
rate of electron transport ( Jmax ) is calculated according to
Farquhar et al. (1980) (Eqn A21). Temporal changes of the
parameters of the photosynthesis model, which are not caused
by temperature, are described by changes in the leaf nitrogen
content ( Eqns A16, A19).
According to the approach of Goudriaan et al. (1985) and
Jacobs et al. (1996) ci is calculated from the ratio:

A coupled equation system containing the canopy energy
balance equation (Eqn A29), the biochemical equations for
determining the assimilation rates in each layer, the equations
for calculating the various CO2 concentrations, the micrometeorological variables inside the canopy and canopy conductance is solved for every simulation time step under the
assumption of unlimited soil water supply. The energy balance
equation of the canopy is an ordinary differential equation
of the canopy temperature (Tc ) and is solved by means of
the Newton–Raphson iteration (Eqn A30). This procedure
delivers the potential canopy transpiration rate (Ep ).

f = (ci − Γ )/(cs − Γ )

Unlimited water supply

Limited water supply
The sum of the uptake capacity of the roots of different soil
layers determines the possible canopy transpiration rate (Ec ).
The uptake capacity is calculated by an empirical function
depending on the root biomass, the activity of the roots and
the soil water content (Groot, 1987, cp. paragraph 2.1.2). If
Ec is lower than the potential transpiration rate (Ep ) the energy
balance equation is solved to calculate canopy temperature
(Tc ) energy fluxes and atmospheric state variables inside the
canopy for the lower transpiration rate. Canopy conductance
(gs,c ) is then determined from Eqn A1. The CO2-concentration
(cc ) with which the calculated canopy assimilation rate (An,c )
provides the canopy conductance (gs,c ) is determined by
means of the Newton–Raphson iteration using Eq A31 and
Eq. A32, which is obtained by combining Eqn A13, A22 and
A24. The iteration stops if the change in cc is smaller than
0.1 µmol mol–1. If the uptake capacity is very low, transpiration
rate is determined by the canopy cuticular conductance. This
procedure describes ‘nonstomatal’ effects on photosynthesis
by the reduction of ci due to soil water limitation.
Figure 1 gives a schematic overview of the description of
drought in the model and its interaction with elevated CO2
via the mechanisms listed in the ‘Introduction’.
Effect of water limitation on growth processes The canopy
temperature of wheat plants was shown to increase by up to
4K under soil water limitation (Seligman et al., 1983), which
has an effect on phenology, maintenance respiration and
indirectly on growth via the temperature response of photosynthesis. The higher calculated canopy temperature is therefore
used in the model DEMETER to describe the acceleration of
the phenological development of the crop under soil water
limitation.

www.newphytologist.com © New Phytologist (2001) 150: 315 – 335
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Fig. 1 Sequence of responses in the wheat
model DEMETER initiated by soil water
limitation and the interaction with elevated
atmospheric CO2 concentrations
(mechanisms 1–3). Soil water limitation occurs
in the model when the water uptake capacity
of the roots (Ec ) falls below the potential
transpiration rate (Ep ).

The water uptake capacity of the roots in the different soil
layers is modelled according to Groot (1987) as an empirical
function of the root biomass and the relative soil water
content (Wr ), which is given by (Wc − Wp )/(Wf − Wp ) with Wc ,
Wf and Wp being soil water content, field capacity and wilting point of the different soil layers, respectively. The uptake
capacity is reduced with decreasing soil water contents beneath
a threshold value of Wr = 0.5 as a stepwise linear function.
The crop water stress index (Is ) is used to describe the effect
of drought on senescence rate and root growth. It is effective
only if it reaches a threshold value of 0.6, which is usually
accomplished after a longer period of water limitation. This
expresses the fact that short-term drought only affects stomatal
conductance, photosynthesis and phenology directly and stops
when the soil is sufficiently refilled with water. Drought can
double the senescence rate.
In the case of soil water limitation the allocation pattern of
assimilates is changed in favour of the root biomass. After

© New Phytologist (2001) 150: 315 – 335 www.newphytologist.com

distributing the standard amount of assimilates to the roots,
the remainder is multiplied by Is and this amount of assimilates is available for root growth.
Grain yield is influenced by soil water limitation in the
model through the shortening of the grain filling period and
the reduction of the carbohydrate flow.
Simulation experiment The model DEMETER was applied
from 12 January to 15 May 1993 and from 4 January to
15 May 1994. Simulations were made for CO2 mole fractions
of 360 µmol mol–1 (ambient) and 550 µmol mol–1 (FACE)
for both growing seasons.
The measured hourly air temperature, humidity and wind
velocity at 2 m reference height, solar radiation, precipitation, as well as fertilizer and irrigation treatments were used as
input data for the model. Site-specific data for the physical
characteristics of the soil (saturated hydraulic conductivity,
wilting point, field capacity, albedo, particle density, heat

319
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Parameter

Symxbol

Value

Units

Emissivity of the leaves
Emissivity of the soil
Soil reflectance of near infra-red radiation
Leaf scattering coefficients for visible
and near infra-red radiation

εc
εs
αnir
σpar

0.96
0.96
2αpar
0.8

(−)
(−)
(−)
(−)

σnir
hmax

0.2
1.0

(−)
m

Maximum crop height

capacity of the soil) were taken from Kimball et al. (1993).
The RETC code of van Genuchten et al. (1992) was applied
to fit the soil water retention curve through the data points.
The applied drip irrigation was modelled by means of a water
source at a soil depth of 0.2 m, which could be enriched with
fertilizer. All state variables and rates were calculated for every
hour for the entire growing season.
As observed in the FACE-experiments the phenological
development of the plants grown under elevated CO2 was
accelerated significantly by the effect of the blowers (Pinter
et al., 2000). This phenomenon is difficult to model and
therefore measurements of the phenological stages of the crop
according to Zadoks ( Zadoks et al., 1974) were used as input
data in the simulations.
Results of Garcia et al. (1998) revealed that the stomata of
this particular wheat variety do not respond to the specific
humidity deficit at the leaf surface. A direct response of the
stomata to the specific humidity deficit at the leaf surface was
therefore not considered in the model.
In the simulations, model parameters for spring wheat
available in the scientific literature were used (cp. paragraph
2.2). An exception had to be made for the ratio of leaf mass
per unit leaf area, which is the basis for the calculation of the
leaf area index and a key parameter in crop growth models. A
typical value for this ratio for spring wheat is 0.05 kg m–2
(Penning de Vries et al., 1989). This value differs considerably
from the measurements at the beginning of the season during
the FACE-wheat experiments (0.03 kg m–2 for 1993 and
0.06 kg m–2 for 1994, respectively). Different values for leaf
mass per unit leaf area had to be used in the model simulations
for the two seasons (0.04 kg m–2 for the year 1993 and
0.05 kg m–2 for the year 1994). Table 1 contains parameter
values used in the model for the simulations other than
specified in Appendix 2.

Results and Discussion
Biomass and yield
The seasonal courses of the simulated and measured green biomass
(sum of leaf and stem mass and mass of the-nongrain portion
of ear) and the standard deviations for the four treatments
(FACE wet, ambient wet, FACE dry, ambient dry) of the
1993 and 1994 FACE runs are shown in Figs 2 and 3. The

Table 1 Parameter values used in the model
for the simulations if not stated in Appendix 2
‘Definition of symbols’. A spherical leaf angle
distribution is assumed. Soil reflectance for
the visible part of the incoming solar
radiation, αpar, depends on the soil water
content of the first soil layer according to
Dickinson et al. (1986)

model overestimated the productivity of the crop significantly
in March 1993 and 1994 for all treatments as well as in April
1994 for the two FACE treatments. It is interesting to mention
that the simulations reflect well the behaviour of the replicate
with the highest measured values of green biomass. Plants in
this replicate might have experienced the closest to ideal growth
conditions, which are assumed in the model. Tubiello et al.
(1999) and Grant et al. (1999) also reported an overestimation
of the simulated biomass for the same treatments.
The differences between the measured and the simulated
values might be caused further by deviations in the allocation
pattern for assimilates, which was obtained from the literature
for spring wheat in general and not adapted for the particular
variety. The simulated green biomass is also sensitive to the
parameterization and scaling methods of the model for the
integrated calculation of canopy assimilation rate, stomatal
conductance and energy fluxes, which is discussed in paragraph 3.2. The soil characteristics used in the model might be
inaccurate due to inhomogeneities of the soil at the experimental
site. This can cause differences in the simulated amount of the
water available for the plants. Furthermore, a water-saturated
soil was assumed at the beginning of the simulations for both
years, which might overestimate the soil water content in the
model for the 1994 season. The crop received a high amount
of irrigation water prior to emergence in 1993 (371 mm), but
only about 40 mm in 1994.
To illustrate the CO2 effect on the green biomass, the
percent change of the measured and simulated values due to
elevated atmospheric CO2 for the wet and the dry treatments
of the two years are given in Fig. 4. Drought was detected after
the beginning of March in 1993 and after the end of February
in 1994 in the model. Late in the season, the blower effect
(Pinter et al., 2000) led to differences in biomass due to the
acceleration of the senescence rate of the FACE treatments
rather than elevated CO2. This explains the decline in the
CO2 effect on green biomass in April of the two growing
seasons. After the onset of drought, the simulations show a
consistently higher CO2 effect on the green biomass for
the dry treatments of about 8% in 1993 and 15% in 1994
(Fig. 4a,b). The picture is less clear for the experimental data,
but a higher CO2 effect on the green biomass under water
limitation was detected for most of the data points of the
two growing seasons. Between the first occurrence of water
limitation and the end of April, the CO2 effect on the green
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Fig. 2 Simulated and measured green
biomass (sum of leaf and stem mass and mass
of the nongrain portion of the ear) for the
1993 growing season for spring wheat grown
under: (a) Well watered conditions and a CO2
mole fraction of 550 µmol mol–1 (open
squares, measured; solid line, simulated) and
well watered conditions and ambient CO2
(open circles, measured; dotted line,
simulated); (b) Soil water limitation and a CO2
mole fraction of 550 µmol mol–1 (closed
squares, measured; dashed line, simulated)
and soil water limitation and ambient CO2
(closed circles, measured; dashed and dotted
line, simulated).

biomass for the dry treatments was on average 6% higher than
the wet treatments in 1993 and 13% higher in 1994.
At the end of the grain filling period the grain biomass for
the 1993 growing season was measured to be 0.92 ± 0.04 kg m–2,
0.83 ± 0.04 kg m–2, 0.90 ± 0.06 kg m–2 and 0.67 ± 0.08 kg m–2
for the FACE wet, ambient wet, FACE dry and ambient dry
treatments. The simulated values for the same treatments were
0.95 kg m–2, 0.85 kg m–2, 0.90 kg m–2 and 0.72 kg m–2, which
is in good agreement with the measurements. This translates
to a CO2 effect of 12 and 15% for the measurements and the
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simulations, respectively, under unlimited water supply and
the higher values of 25 and 34% under water limitation. The
measured and simulated values for the different treatments of
the 1994 growing season were 0.86 ± 0.02 kg m–2, 0.76 ±
0.07 kg m–2, 0.74 ± 0.08 kg m–2, 0.62 ± 0.03 kg m–2, and
0.97 kg m–2, 0.87 kg m–2, 0.82 kg m–2 and 0.61 kg m–2. The
CO2 effect was measured and simulated to be 10 and 12% for
the wet, and 20 and 34% for dry treatments. The CO2 effect
on grain mass is clearly higher under water limitation for both
the measured and the simulated results.
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Fig. 3 Simulated and measured green
biomass (sum of leaf and stem mass and mass
of the nongrain portion of the ear) for the
1994 growing season for spring wheat grown
under: (a) Well watered conditions and a CO2
mole fraction of 550 µmol mol–1 (open
squares, measured; solid line, simulated) and
well watered conditions and ambient CO2
(open circles, measured; dotted line,
simulated); (b) Soil water limitation and a
atmospheric CO2 mole fraction of 550 µmol
mol–1 (closed squares, measured; dashed line,
simulated) and soil water limitation and
ambient CO2 (closed circles, measured;
dashed and dotted line, simulated).

Canopy transpiration and energy fluxes It was shown in a
previous paper (Grossman-Clarke et al., 1999) that the simulated
cumulative sum of canopy transpiration (Ec ) and soil evaporation
(Es ) for the wet treatments in 1993 was reduced by c. 5%
under elevated CO2. This was in close accordance with the
measured value of 8%, which was obtained from the soil water
balance method ( Hunsaker et al., 1996). A similar result was
found for the wet treatments of the 1994 growing season
(Fig. 5), where the simulated cumulative sum of Ec and Es was
reduced by c. 4% due to elevated CO2. This corresponds

closely with the measured value of 3.3%. The measurements
of Ec and Es for each treatment are averages of the four replicates
with standard deviations of 30–50 mm at the end of the
growing season. The simulation results were in agreement
with the measurements for the whole growing season, which
can be explained by the fact that the simulation results for the
wet treatments after canopy closure (occurring relatively early
in the season) are almost independent from deviations between
the measured and simulated LAI and also from the simulated
root biomass.
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Fig. 4 Simulated and measured relative CO2
effect on the green biomass in percent (sum
of leaf and stem mass and mass of the
nongrain portion of the ear) for: (a) Wet
treatments (open squares, measured; solid
line, simulated) and dry treatments (closed
squares, measured; dotted line, simulated) of
the 1993 growing season; (b) Wet treatments
(open squares, measured; solid line,
simulated) and dry treatments (closed
squares, measured; dotted line, simulated) of
the 1994 growing season.

Canopy transpiration was obtained from the hourly solution of the canopy energy balance equation in the model. The
differences between measured and simulated hourly latent
and sensible heat fluxes (λE and H ), net radiation (Rn ) and
canopy temperature (Tc ) vs. the measured values are presented
for 9 d in 1993 and 4 d in 1994 for the ambient and FACE
wet treatments in Figs 6 and 7, respectively. All simulated
fluxes are the sum of soil and canopy fluxes. Net radiation is
assumed to be positive if directed towards the canopy, whereas

© New Phytologist (2001) 150: 315 – 335 www.newphytologist.com

turbulent heat fluxes are positive in the model if directed away
from the canopy. The measured data points are averages of
the data obtained from the four replicates with standard
deviations less than 40 W m–2. The small fetch length for
the measurements introduced an additional uncertainty of
±50 W m–2 in the measured values for the turbulent heat
fluxes (Kimball et al., 1999).
The average correlation coefficient (r 2) between measured
and simulated ambient and FACE values, as determined from
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Fig. 5 Cumulative sum of canopy
transpiration (Ec ) and soil evaporation (Es ) of
a wheat crop grown under unlimited water
supply and ambient CO2 (open circles,
measured; dotted line, simulated) and an
atmospheric CO2 concentration of 550 µmol
mol–1 (open squares, measured; solid line,
simulated) for the 1994 growing season.

the linear regression analysis is 0.99, 0.97, 0.78 and 0.98 for
Rn, λE, H and Tc , respectively, which illustrates the quality of
the simulations for the cumulative sum of Ec and Es for the
wet plots. Deviations between measurements and numerical
results can arise from the model approaches used and their
parameterization. The simulated net radiation balance (Rn ) is
significantly influenced by the approach used for determining
the atmospheric emissivity (εa ). A systematic underestimation
of the incoming long-wave radiation from the sky explains the
large deviations between measured and simulated temperatures
during cold nights ( Figs 6d and 7d).
The simulations show relatively high deviations from the
measurements for the sensible heat fluxes (H ), which is typical
(Leuning et al., 1998) since H is determined from the difference in air and canopy temperature (Tc ) in the model (Figs 6b
and 7b). Small changes in Tc can therefore lead to relatively
high errors in the simulated sensible heat fluxes.
Strong deviations (> 100 W m–2) between the simulated
and measured H and λE occurred on 2 days of the 1994
growing season, which were characterized by a high incoming
solar radiation but relatively low latent heat fluxes. This indicates water limitation for the crop, which was not detected by
the model and resulted in an overestimation of λE and an
underestimation of H. In late afternoons, the aerodynamic
resistance (ra ) was occasionally underestimated by the model
leading to an overestimation of the turbulent heat fluxes.
Most of the simulated data for λE differ < 100 W m–2 from
the measurements. The simulated latent heat fluxes are sensitive to the simulated canopy assimilation rate (An, c ).
The maximum carboxylation capacity (Vcmax ) is obtained
from a typical value for the proportion of the leaf nitrogen

content in the rubisco protein ( frub ) (Eq. A16), which is,
according to Evans (1989), about 0.23 for wheat leaves.
Seasonal changes of the leaf nitrogen content were included
in the simulations (van Keulen & Seligman, 1987), but the
assumption of an unchanged value of frub for the whole growing season might be inaccurate and can lead to errors in the
simulated canopy assimilation rate. Osborne et al. (1998)
showed for this particular wheat crop that frub was reduced
with increasing depth in the canopy, whereas the proportion
of the leaf nitrogen in the light-harvesting-complex (LHC)
protein increased under elevated CO2. This acclimation of the
photosynthetic apparatus led to a vertically unchanged value
for the potential rate of electron transport ( Jmax ). Such detailed
information is usually not available from standard measurements and not considered in models, since causality is not
known. The simulation results for λE are influenced further
by the approach for the calculation of the electron transport
rate. In DEMETER the equations of Farquhar & Wong
(1984) are used.
The method of scaling leaf stomatal conductance and
assimilation rate to plant and canopy levels can be important
for the quality of the simulations. In our model the nonlinear
dependence of assimilation rate on the absorbed radiation is
accounted for by calculating leaf assimilation rate for shaded
and sunlit leaves in separate canopy layers. On the other hand,
assimilation rate is also nonlinearly related to leaf temperature
and internal CO2 concentration (ci ). We used only one value
for ci and Tc for all leaves in the canopy, which might have
introduced inaccuracy in the simulated values of An,c and gs,c
Introducing more detail into the model equations would
significantly increase the computation time. The accuracy of
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Fig. 6 Residual (measured minus simulated) values of hourly net radiation (Rn ) sensible heat flux (H ) latent heat flux (λE) and canopy
temperature (Tc ) vs. measured values for the ambient wet treatments for 9 d and 4 d of the growing seasons 1993 and 1994, respectively.

this part of the wheat growth model must be balanced with
possible inaccuracies of other approaches. Our approach can
be justified somewhat by the results of Baldocchi (1993) who,
by comparing simulation results from a detailed Lagrangian
random-walk model with a model that assumes a constant
CO2 profile within the canopy, showed that ‘scaling of CO2
uptake by an aerodynamically smooth crop with a high
photosynthetic capacity requires an accurate radiative transfer
model to calculate the electron transport-limited rate of

© New Phytologist (2001) 150: 315 – 335 www.newphytologist.com

photosynthesis for the shaded leaves and an accurate model of
turbulent transfer to calculate the RuBP-saturated carboxylation rate well for the sunlit leaves’. ‘Big-leaf ’ models with
various levels of detail were shown to work sufficiently well
(Amthor et al., 1994; de Pury & Farquhar, 1997; Wang &
Leuning, 1998; Grant et al., 1999).
Deviations between measurements and simulations might
further be caused by simplifications in the model DEMETER, which exclude the observed delay of hours in the
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Fig. 7 Residual (measured minus simulated) values of hourly net radiation (Rn ) sensible heat flux (H ) latent heat flux (λE) and canopy
temperature (Tc ) vs. measured values for the FACE wet treatments for 9 d and 4 d of the growing seasons 1993 and 1994, respectively.

opening of the stomata after rewatering, despite a normalized
turgor potential ( Raschke, 1987) or the condition of an
extremely dry soil (the assumption of water-saturated air inside
the leaves is not fulfilled). Also not considered in the model
are ‘nonstomatal’ effects of water limitation on assimilation
rate, which might decrease the maximum value of gs irreversibly by reducing photosynthetic capacity after severe water
stress ( Raschke, 1987; Tenhunen et al., 1987; Cornic, 1994).
The energy fluxes of the dry treatments were not measured

since the fetch length of the plots was too small. However, the
cumulative sum of canopy transpiration and soil evaporation
was determined. The agreement between the measurements
and the simulations is not quite as good as for the wet treatments (Fig. 8a,b), since deviations between the measured and
simulated green biomass and root biomass can affect the
results significantly. Differences in the cumulative sum of Ec
and Es due to elevated CO2 were not simulated for the dry
treatments of the 1993 growing season, but the measurements
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Fig. 8 Cumulative sum of canopy
transpiration (Ec ) and soil evaporation (Es )
of spring wheat, grown under limited water
supply for: (a) Ambient atmospheric CO2
(closed circles, measured; dashed and dotted
line, simulated) and a CO2 mole fraction of
550 µmol mol–1 (closed squares, measured;
dashed line, simulated) for the 1993 growing
season; (b) Ambient atmospheric CO2
(closed circles, measured; dashed and dotted
line, simulated) and a CO2 mole fraction of
550 µmol mol–1 (closed squares, measured;
dashed line, simulated) for the 1994 growing
season.

show a 4% higher cumulative sum of canopy transpiration
and soil evaporation for the FACE dry treatment at the end
of the growing season. The cumulative sum of Ec and Es was
overestimated for the FACE dry treatment in 1994 leading to
a 4% increase due to elevated CO2. No significant differences
were detected during the measurements for the same treatments.
The results show only slight CO2-induced differences in
the seasonal sum of canopy transpiration and soil evaporation,
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which depend on the additional biomass growth. A weak but
consistent tendency toward reduced water use under elevated
CO2 was measured and simulated for potential growth
conditions, despite the CO2-induced biomass increase. The
biomass increase was greater when soil water was limiting so
that water use under elevated CO2 was unchanged or higher.
An exact prediction of the differences in water use seems to be
difficult because of the inaccuracies in the biomass predictions.
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Interactions of elevated atmospheric CO2 and water limitation
The simulated CO2 effect on canopy assimilation rate and
stomatal conductance for the different CO2 and irrigation
treatments was determined at 12 : 00 noon on selected days
of the two growing seasons, which were characterized by
a relatively high water stress index (Is ). The influence of
a particular cause for the higher CO2 effect under water
limitation was investigated by eliminating the influence of the
other causes and analysing to what degree this changed the
simulation results.
Potential transpiration On a canopy level the potential
transpiration rate (Ep ) might be lower under elevated CO2 if
the increase in biomass due to elevated CO2 does not
compensate for the decrease in transpiration rate per unit leaf
area due to CO2-induced stomatal closure. The simulated
potential transpiration was smaller for all FACE treatments
compared with the corresponding ambient treatments of the
two growing seasons despite the aboveground biomass increase.
Therefore the crop water stress index (I s ) acting on root
biomass and senescence rate was lower for the FACE dry than
for the ambient dry treatments. To investigate the influence of
a higher Is under ambient dry conditions on the results, Is was
assumed to be zero in the simulations. This assumption led to
an even higher CO2 effect on An,c under water limitation since
the ambient dry treatment did not obtain the additional
assimilates for root growth in proportion to the higher Is.
According to the model, the ability of the crop to fulfil Ep
and therefore maintain an unstressed situation lasted longer in
the FACE treatments because of the longer period of unlimited
water availability in the soil. Soil water limitation occurred 9 days
later in the FACE dry than in the ambient dry treatment.
The simulated potential stomatal conductance and therefore assimilation rate could be fulfilled in the FACE dry treatments to a higher degree than in the ambient dry treatments.
To investigate the amount of this influence on the overall
simulated CO2 effect under water limitation, An,c and gs,c were
first calculated with the ambient atmospheric CO2 concentration. The CO2 mole fraction was than set to 550 µmol mol–1
for 12 : 00 noon of the selected days. This excluded long-term
differences in soil water content, root biomass and green
biomass between FACE and ambient conditions and at the same
time did not have a significant feedback on these variables.
Differences in Ep were therefore only caused by the different
CO2 concentrations. The simulations showed that the lower
value of Ep accounted for only 30–50% of the higher CO2
response of the assimilation rate under soil water limitation
during vegetative growth, when soil water contents were not
very low and transpiration demands were not very high. The
remaining 50–70% of the response must therefore be attributed to the higher root biomass of the FACE plants and the
nonlinear functional dependence of the assimilation rate on
ci. After prolonged drought during reproductive growth the
soil water contents were very low. At that time the lower Ep

accounted for up to 70% of the higher CO2 effect under soil
water limitation. In the model this was due to the fact that the
uptake capacity of the roots strongly decreases at low soil water
contents despite the CO2 induced increase in root biomass.
Also at higher transpiration demands later in the season the
reduction of Ep due to elevated CO2 was more pronounced.
Nonlinearity of the An-Ci cursive The advantage of a lower
potential transpiration rate and higher water availability under
elevated CO2 compared with ambient conditions was strengthened significantly by the nonlinear functional dependence
of the net assimilation rate on the leaf internal CO2 concentration in the model. Assimilation rate levels off with increasing
CO2 concentrations (second derivative of Eqn A14 in terms
of cc is negative, cc can be replaced in this example by ci ).
That means that the same relative reduction of the canopy
conductance or leaf internal CO2 concentration due to drought
leads to a higher reduction of the assimilation rate under
ambient than under FACE conditions. For example, a 78%
reduction of the canopy conductance due to drought, as
experienced by the ambient plants at 12 noon of 11 April
1993, led to a 47% reduction of the assimilation rate of the
ambient treatment, but only to a 42% reduction of the
assimilation rate of the FACE plants in the model. Assuming
the change in assimilation rate of 42% for the ambient plants
reduced the higher CO2 effect under water limitation by 30%.
The range of the contribution of the nonlinear functional
dependence of An on ci in the model to the higher CO2 effect
under soil water limitation was 20–30% and increased with
a higher crop water stress index.
Root biomass The higher root biomass caused by elevated
CO2 led to a higher water uptake capacity in the model for the
FACE treatments, which was more significant during vegetative
growth, when soil water contents were still not very low. At
that time the higher root biomass of the FACE plants
accounted for up to 50% of the higher CO2 response of the
assimilation rate under soil water limitation.
In Table 2 the measured (taken from Wechsung et al., 1999;
Table 1) and simulated values of the root biomass for a soil
depth of 0–1 m for 5 dates for the wet treatments of the 1993
growing season are shown. Only two data points were available
from the measurements for the dry treatments. The measured
data are averages obtained from ‘in row’ and ‘inter row’ sample
positions. The measured CO2 effect on root biomass was
higher during vegetative than during reproductive growth for
the wet treatments. At anthesis the measured and simulated
CO2 effect was more pronounced for the dry treatments. This
was due to the stronger reduction of assimilation rate due to
water limitation of the ambient dry than of the FACE dry
treatments and therefore the reduced supply of assimilates to
the roots for the ambient dry treatment. The model overestimated the root biomass for all treatments and underestimated
the CO2 effect for most of the data points.
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Table 2 Measured (taken from Wechsung et al., 1999, Table 1) and simulated values of root biomass (g m–2) for the 1993 growing season.
Measured data for 5 dates (16, 36, 63, 92, 113) are available for the ambient and FACE wet treatments, but only for 2 dates for the dry
treatments. The measured data are averages obtained from ‘in row’ and ‘inter row’ sampling positions. The measured data are underlined

Treatment
Ambient wet
FACE wet
Ambient dry
FACE dry
CO2 effect (%)

Three leaf stage
(16)

Tillering
(36)

Stem elongation
(63)

Anthesis
(92)

Dough development
(113)

3.6/14.0
5.0/14.0
−/13.9
−/14.0
wet: 38/0
dry: −/0

15.7/32.9
20.8/37.0
−/33.3
−/35.9
wet: 32/12
dry: −/8

56.2/91.1
73.2/99.8
−/93.1
−/101.7
wet: 30/10
dry: −/9

85.3/101.1
85.7/105.1
78.9/119.8
89.8/127.7
wet: 0/4
dry: 14/7

67.0/93.0
84.7/96.5
80.7/111.4
99.1/121.3
wet:.26/4
dry: 24/9

However, the advantage of a higher root biomass of the
FACE plants was reduced after prolonged water stress, when
soil water contents and consequently the water uptake capacity of the roots were very low. The uptake capacity of the
roots is a nonlinear function of the soil water content in the
model. Therefore, the same percent increase in root biomass
due to elevated CO2 increases the water uptake capacity to a
greater extent if water availability is higher. The higher root
biomass of the FACE plants accounted for less than 10% of
the higher CO2 response of the assimilation rate under soil
water limitation during reproductive growth.

Conclusions
The model DEMETER was able to describe the qualitative
as well as the quantitative behaviour of a spring wheat crop
under soil water limitation in comparison with an unlimited
water supply for ambient vs a CO2 mole fraction of 550 µmol
mol–1. This makes it possible to use the model with higher
confidence for predictions about the future behaviour of spring
wheat crops.
The model offered the opportunity to investigate the quantitative contributions of different mechanisms leading to a
higher CO2 effect on primary productivity and yield under
soil water limitation in comparison with an unlimited water
supply. The different mechanisms contributed with changing
significance during the growing season of the crop. 30–50%
of the higher CO2 effect under water limitation during
vegetative growth and up to 70% during reproductive growth,
when soil water contents were very low and transpiration
demands high, resulted from the lower potential transpiration
rate of the FACE plants compared with that of the plants
grown under ambient CO2. The nonlinear dependence of net
assimilation rate on leaf internal CO2 concentration accounted
for 20–30% of the difference throughout the season. The
higher root biomass of the FACE treatments accounted for up
to 50% of the difference in the CO2 effect under water limitation compared to unlimited water supply during vegetative
growth, but by less than 10% after prolonged drought, when
water contents were very low, because of the reduced water
uptake capacity of the roots.
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The results of our study show that a well-tested simulation
model can be a useful tool in understanding the complex
interactions underlying observed ecosystem responses to
drought. But there are limitations to the interpretation of the
model results. Those limitations are based on the fact that
models can reflect only potential behaviour, which is included
in the equations and their parameterization. Frequently, facts
known from experiments are omitted in models if they are
considered insignificant for the model output, or not well
enough understood to be described mathematically.
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Appendix 1

Net leaf assimilation rate

Energy fluxes between soil, canopy and atmosphere

Γ*
An = 1 – ---cc- min {Wj , Wc } – R d


Eqn A14

0.5Vo max Kcoi
Γ* = ----------------------------Vc maxKo

Eqn A15

ρa cp Vm [ es ( Tc ) − ea ]
λEc = -------------------------------------------------------------------------------------γ [ ( g s, c + 1.6LAI ⋅ g c )−1 + 0.93 g −1
b,h ]

Eqn A1

ρacpVm [es(Ts ) − ea]
λEs = -----------------------------------------------−1γ ( g −1
s,s + 0.93 ⋅ g b,s )

Eqn A2

Vc max = 1.25kcat fRub Nl

Hc = ρacpVm gb,h(Tc − Ta )

Eqn A3

cc
Wc = Vc max ----------------------------------------cc + Kc(1 + oi /Ko)

Hs = ρacpVm gb,s (Ts − Ta )

Eqn A4

ΩJ J 2e – (Ieff + Jmax)Je + Ieff Jmax = 0

Vo max = 0.21Vc max

c c Je
- Eqn A17
Wj = --------------------4cc + 8Γ*

Ieff = 0.5Iabs(1 – fc )
Equation to determine vapor pressure (ea ) and air
temperature (Ta ) inside the canopy:

Jmax = 2.1Vc max

Eqn A16

Eqn A18

at 25°C

Eqn A19
Eqn A20

ρa cp ( ea – er )
Ec + Es = ---------------------------γλra

Eqn A5

(T – T0)EA T 0.5
Vc max(T ) = Vc max(T0) exp ---------------------------  ------
T0 R · T  T0

ρacp(Ta – Tr )
Hc + Hs = -----------------------------ra

Eqn A6

exp [ (−EA /RT0)(1 – T0 /T ) ]
Jmax(T ) = Jmax(T0) -------------------------------------------------------------------- Eqn A21
1 + exp [ (SATc – HA)/(RT ) ]

Eqn A7

An , c
cc = c i – --------------g m LAI

Eqn A22

Vc max
g m = ---------------------------200 + Vc max

Eqn A23

1.32
- + 1.4raVm
cs = cr – An ,c  -------- gb, h


Eqn A24

0.5

0.5

ua
gb, s = ------------------------0.5
180 w s Vm

LAIu a
gb,h = ------------------------0.5
180 w l Vm

u* (hc − d )
ua = ----- ln ----------------z 0 - exp (−2L)
k

k ur
u* = -------------------------------------–1
ln [ (zr − d ) ⋅ z 0 ]
Eqn A8

2
z 0)z −1
0 ]}

{ ln [ (zr – d +
-Ψ
ra = -----------------------------------------------------k 2 ur

Eqn A9

neutral
1.0

0.5
stable
Ψ = (1 + 15Ri )(1 + 5Ri )
Eqn A10

0.5 −1 −1
{1 – 15Ri [1 + K (−Ri ) ] }
unstable
g (Tr – Ta )(zr – d )
Ri = ------------------------------------------u2r Tr
Eqn A11

−1 0.5

75k 2[ (zr – d + z 0)z 0 ]
K = -----------------------------------------------------------2
{ ln [ ( zr – d + z 0 ) z −1
0 ]}

An , c =

p

An(Li )∆Li
∫ An(L)dL ≈ i∑
=1

Eqn A12

0

g s, c =

LAI

p

g s (L i )∆L i
∫ g s (L)dL ≈ i∑
=1
0

ci – Γ
Ds
Ds 
- = fmax 1 – ---------f = ------------- + fmin ---------
cs – Γ
Dmax
Dmax 

Eqn A25

Γ* + Kc (1 + oi /Ko)R d /Vc max
Γ = --------------------------------------------------------------1 – R d /Vc max

Eqn A26

gc
fmin = ---------------gc + gm-

Eqn A27

fmax

Canopy net assimilation rate and canopy conductance
LAI

Leaf internal CO2 concentration (ci )

1.6An ,c
= ----------------Cs – Ci

Eqn A13

f0 – fminD0D −1
max
= ------------------------------------−1
1 – D0D max

Eqn A28

Energy balance equation of the canopy for determining
canopy temperature (Tc ):
dTc
F (Tc ) = Rn ,c (Tc ) – Hc (Tc ) – λEc (Tc ) – c l -------- −
dt
Eqn A29
λEp(Tc ) – Pi cw (Tc – Ta ) = 0
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n +1

Tc

n

n

n

F ′(T c ) =

n
δF (T c )
----------------n δT c

1.32
F (cc) = cr – cc – An,c (cc)1.4raVm + --------gb,h- +


n

T c F ′(T c ) – F (T c )
= ---------------------------------------------n
F ′(T c )

with
Eqn A30

Equation for determining the CO2 concentration in the
chloroplasts (cc ):

1
1.6
--------------------------------- + --------------- = 0
gs,c + 1.6gc LAI gm LAI
n +1

cc

n

n

c c F ′(c c ) – F (c c )
= -------------------------------------n
F ′(c c )

n
F ′(c c )
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Eqn A31

δF (c c )
= ---------------n
δc c
n

with
Eqn A32
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Appendix 2
Definition of symbols
Term

Units

Definition

An
An,c
cc
ci

µmol m–2 s–1
µmol m–2 s–1
µmol mol–1
µmol mol–1

cl
cp
cw
cr
cs
d
D0
Dmax
Ds
ea
er
es
EA
Ec
Ep
Er
Es
f
fc
fmax
fmin
frub
f0
g
gb,h
gb,s
gc
gm
gs
gs,c
gs,s
hc
HA
Hc
Hs
Iabs
Ieff
Is
Je
Jmax
k
kcat
Kc
Ko
L
Li
LAI
n
Nl
oi
p
Pi

J K–1
J kg–1 K–1
J kg–1 K–1
µmol mol–1
µmol mol–1
m
g kg–1
g kg–1
g kg–1
Pa
Pa
Pa
J mol–1
kg m–2 s–1
kg m–2 s–1
kg m–2 s–1
kg m–2 s–1
–
–
–
–
–
–
m s–2
mol m–2 s–1
mol m–2 s–1
mol m–2 s–1
mol m–2 s–1
mol m–2 s–1
mol m–2 s–1
mol m–2 s–1
m
J mol–1
Wm–2
Wm–2
µmol m–2 s–1
µmol m–2 s–1
–
µmol m–2 s–1
µmol m–2 s–1
–
mol mol–1 s–1
µmol mol–1
mmol mol–1
m2 m–2
m2 m–2
m2 m–2
–
mmol m–2
mmol mol–1
–
kg m–2 s–1

Net leaf rate of CO2 uptake per unit leaf area
Net canopy rate of CO2 uptake per unit ground area
CO2 concentration in the chloroplasts
Intercellular CO2 concentration in air
Heat capacity of green biomass: with mgbm above-ground dry biomass, cgbm specific heat capacity of dry
biomass (2.5 · 106 J kg–1 K–1).
Specific heat capacity of air at constant pressure (1005)
Specific heat capacity of water (4.187 · 106)
CO2 concentration at reference height
CO2 concentration at the ‘big leaf’ surface
Zero plane displacement (d = 0.63hc)
Stomata are not influenced by Ds for Ds < D0 (cp. paragraph 2.3)
Value of Ds where stomata close completely (cp. paragraph 2.3)
Specific humidity deficit at the ‘big leaf’ surface
Vapor pressure inside the canopy
Vapor pressure at reference height
Saturation vapor pressure at Tc or Ts
Activation energy for the kinetic constants of Rubisco, Kc (65 800), Ko (1400), Vcmax (68 000), Jmax (37 000)
Canopy transpiration rate per unit ground area
Potential rate of canopy transpiration per unit ground area
Evaporation rate of intercepted rain and dew per unit ground area
Soil evaporation rate per unit ground area
(ci − Γ )/(cs − Γ )
Spectral correction factor (0.15)
f at Ds = 0
f at Ds = Dmax
Fraction of Nl contained in Rubisco (0.23)
f at Ds < D0 (0.7)
Gravity constant (9.81)
Canopy boundary layer conductance for heat per unit ground area
Soil boundary layer conductance for heat per unit ground area
Leaf cuticular conductance for CO2 per unit leaf area (0.01)
Leaf mesophyll conductance for CO2 per unit leaf area
Leaf stomatal conductance for H2O per unit leaf area
Canopy conductance for H2O per unit ground area
Soil surface conductance for H2O per unit ground area
Canopy height
Constant for determining the temperature dependence of Jmax (220 000)
Canopy sensible heat flux per unit ground area
Soil sensible heat flux per unit ground area
Absorbed photon flux per unit leaf area
Effectively absorbed PAR by photosystem II per unit leaf area
Crop Water Stress Index
Rate of electron transport per unit leaf area
Potential rate of electron transport per unit leaf area
von Karman constant (0.41)
Catalytic constant for RuP2 carboxylation (3.3)
Michaelis–Menten constant for CO2 (259)
Michaelis–Menten constant for O2 (179)
Depth inside the canopy with respect to leaf area
Depth of ith-layer inside the canopy
Leaf area index
Number of the iteration step at time t
Leaf nitrogen content per unit leaf area
Intercellular concentration of O2 in air (210)
Number of canopy layers for the calculation of An,c and gs,c (p ≤ 20)
Intercepted rain and dew per unit ground area
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Appendix 2 continued
Term

Units

Definition

ra
R
Rd
Rn,c
Ri
SA
t
T
T0
Ta
Tc
Tr
Ts
ua
ur
u*
Vc max
Vo max
Vm
wl
ws
Wc
Wj
z0
zr
∆Li
γ
Γ
Γ*
λ
λEc
λEp
λEs
Ωj
Ψ
ρa

s m–1
Pa m3 mol–1 K–1
µmol m–2 s–1
Wm–2
–
J K–1 mol–1
s
K
K
K
K
K
K
m s–1
m s–1
m s–1
µmol m–2 s–1
µmol m–2 s–1
m3 mol–1
m
m
µmol m–2 s–1
µmol m–2 s–1
m
m
m2 m–2
Pa K–1
µmol mol–1
µmol mol–1
J kg–1
W m–2
W m–2
W m–2
–
–
kg m–3

Aerodynamic resistance
Molar gas constant (8.314)
Dark respiration per unit leaf area
Net radiation balance of the canopy
Richardson number
Constant for determining the temperature dependence of Jmax (710)
Time
Temperature
Basis temperature for kinetic constants of Rubisco (298 K)
Air temperature inside the canopy
Canopy temperature
Air temperature at reference height
Soil surface temperature
Wind speed inside the canopy
Wind speed at reference height
Friction velocity
Maximum capacity of RuP2 carboxylation per unit leaf area ( )
Maximum capacity of RuP2 oxygenation per unit leaf area
Molar volume of the air (Vm = RTa/pa, with pa air pressure)
Leaf width (0.01)
Size of soil particles (0.005)
RuP2-saturated rate of CO2 assimilation per unit leaf area
RuP2-limited rate of CO2 assimilation per unit leaf area
Roughness length (z0 = 0.13hc)
Reference height in the atmosphere (2m)
Width with respect to leaf area index of the ith-canopy layer
Psychrometric constant (Vm = RTa /pa, with pa air pressure)
CO2 compensation point of photosynthesis
CO2 compensation point of photosynthesis in the absence of Rd
Latent heat of vaporization (2.45 × 106)
Canopy latent heat flux according to transpiration
Latent heat flux according to evaporation of Pi
Soil latent heat flux
Parameter to describe convexity of Je with respect to Ieff (0.7)
Stability function of aerodynamic resistance
Air density
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